The paper concerns analyses of the nanostructures based on metaloxide semiconductors, such as titanium dioxide (TiO2) and zinc oxide (ZnO) exposed to nitrogen dioxide (NO2) in an atmosphere of dry and humid synthetic air. The investigations were performed at a rather low temperature amounting to 120
Introduction
While designing gaseous sensor structures it is inevitable to be well acquainted with the physico-chemical phenomena occurring in the course of contacting the absorber with the tested gas.
Indispensable is also the knowledge of the physics of these phenomena in the struc- , ZnO [4, 5] , GaP [6] , and others. In spite of their considerable popularity and intensive investigations, the phenomena occurring in them during their interaction with gases are still not fully known. No nal formalism has been elaborated yet, which would permit to describe denitely the mechanism of the formation of measurement signals in thin smooth and porous layers [7] .
In recent years considerable developments have been ob- their application in gas sensors. As an example let us take graphene [8] and oxide graphene [9] . Nanostructures of wide-band gap semiconductors are nowadays tested with purpose of applying them in sensors of gases and vapours [10, 11] . Vast possibilities of using nanostructures as sensors are due to their extensive surface, the multitude of connections between the crystals and the easiness of their doping by nanoparticles of metals [12, 13] . * corresponding author; e-mail: Marcin.Procek@polsl.pl 
Theoretical
Changes in the conductivity of electricity in semiconductor planar structures are mainly due to changes in the concentration of the carriers. The structure interacts with the gases through the surface of the semiconductor.
The gas in the vicinity of the surface can be adsorbed either physically or chemically. The adsorption of gas leads to changes of the concentration of the carriers in semiconductor an atom or particle of gas may add or remove an electron from the conduction band, and also leads to a formation of traps on the surface [14, 15] .
Porous layers are supposed to possess a double Schottky barrier between the grains. The electric potential barriers at the connections of the grains, as well as the number of free carriers of the load and their spatial distribution depend on the gas aecting the surface of the semiconductor. Therefore, the electrical conductivity in the planar semiconductor structure is also dependent on the kind and concentration of the given gas [10, 13, 14] .
Semiconductor structures operating in a natural environment are exposed to high concentration of oxygen O 2 (ca. 21%). Also humidity is always present in the at- In such a case the tunneled current is also attenuated by the surface potential of the grains, so that share (contribution) in the change of the electrical resistance is similar to the barrier eect.
Thus, two fundamental ways of the ow of electrical current in the planar structure of a metaloxide semiconductor are to be distinguished, viz.: through the potential barrier and by tunneling when the grains are not directly in contact to each other [13, 14] .
Generally, for description of semiconductor planar structure the concept receptor function is applied, i.e.
the response of a single crystalline grain (crystallite) to the gas acting and transducer function characterizing the eect of the interaction of the gas on the connections between the crystallites [14] . Both, TiO 2 and ZnO in their pure form, are semiconductors of the type n; therefore, just this type is going to be considered here. These considerations also concern merely oxidizing gases, presented by NO 2 .
Assuming that radius of semiconductor crystallites exceeds the Debye length, the depletion layer may be approximated as a one-dimensional model (Fig. 1a) . The existence of the surface states below the Fermi level causes the transfer of electrons from the conduction band to the surface states until an equilibrium has been attained. The bending of energy bands must in the case of small structures be considered dierently. In this case the half-innite model cannot be applied, because the bendings of the bands from every edge of the crystallite must be taken into account (Fig. 1b) as a new type of depletion [14] . The resulting depletion layer can be described by the depth prole of potential energy of electrons qV (x). Characteristic quantities are in this case the surface barrier of the potential qV s , the depth of depletion w, and the density of the spatial electrical charge ρ(x). In the case of semiconductors of the type n the density of the spatial charge is
and n(x) are, respectively, the density of the ionized donors and density of conductive electrons at the given depth. When all the donors are ionized, we may assume the model of sudden
where N d density of the donors, treated as a constant in the volume of oxide; Q sc surface density of the electric charge. 
Hence it becomes obvious that the height of the potential barrier depends to a large extent on the depth of depletion, which again depends directly on the amount of oxygen adsorbed on the surface of the structure or some other oxidizing gas, e.g. NO 2 . The inuence of the depth of depletion on nanoparticles is still greater (in which case the half-innite model cannot be applied).
At temperature below 420 K in dry condition oxygen molecules are absorbed on metal oxides mainly physically by interaction of Van der Waals's type; there may also occur chemisorptions in the form of molecule ions O − 2 .
Within the temperature range from 420 K to 670 K the chemisorptions of O − ions take place. Above 670 K both O − and O 2− ions occur [11, 12] . NO 2 molecules can be adsorbed either physically as neutral particles or chemically as NO − 2 ions, competing with oxygen for reaching the active centres, up to the achievement of an equilibrium in this process.
Important are also processes of the diusion of gas molecules into the semiconductor layer. NO 2 molecules are rather big particles, due to which the diusion of this Frequently also such lumps consist of glued tubes. Also the presence of the crystalline phase predominating the atrophic phase with a high-resistance inuences the value of the eective electrical resistance of the structure.
Measurement details
The resistance was measured making use of a four interdigital transducers with electrodes situated at a distance of 20 µm from each other. Electrodes of the transducers are made of gold and had a thickness of 100 nm.
They were placed on a glass substrate with a thin layer of chromium (5 nm More details concerning the structures, the operation of the transducer and the measuring stand may be found in [12, 13] .
Experimental results
The results obtained in the investigations have been presented as dierential changes of the resistance
where R 0 denotes the basic resistance of the structure measured in pure synthetic air. Thus it becomes possible to express changes of the resistance in mΩ. The results concerning every tested structure have been presented for three dierent concentrations of NO 2 : 80, 200 and 400 ppm in dry and in humid conditions (Fig. 3) . As had to be expected, the oxidizing gas NO 2 increased (Table) .
A nearly two times greater change in the resistance of TiO 2 450 is due to the basic dierence (which proved to be comparatively higher); the times of response of these structures is similar.
As we see, ZnO structures display in spite of similar basic electrical resistances dierent thresholds of detectability of NO 2 , depending on their morphology. In the case of ZnO no reaction to 80 ppm of NO 2 has been detected, whereas the structure ZnO B gives then an audible response. It should be mentioned that in a dry mixture of ZnO the time of response (cf. Table) Summing up, various morphologies of the nanostructures bring about dierences in their electric reaction to the interaction with gas. A higher concentration of humidity in the gas mixture arises problems with the possibility of scaling the structure (the response of humidity in the investigated atmosphere has also its advantages, because it accelerates the reaction of the structure to gas and increases the values of responses (changes of the electric resistance)). Hence the conclusion may be drawn that the level of humidity must be controlled and kept on the proper level in the course of measurements, because its changes lead to changes in the response of the sensor.
The investigated materials may be potentially applied in gas sensors. But further attempts ought to be made to accelerate the response, which might be achieved by increasing the temperature of operation.
